Oligopeptide substrates of porcine pepsin (E) of the type A-Phe-Phe-B (S) that are cleaved solely at the PhePhe bond under the conditions of these studies, and bearing an amino-terminal fluorescent probe group (mansyl or dansyl), have been used for stopped-flow measurements of the rate of formation of the A-Phe product. These experiments were conducted under conditions of [El >> [S], and the kinetic data were compared with those obtained under conditions of [S] >> [El for the formation of the Phe-B product (the same in all cases). The results for substrates with A = mansyl-Gly, mansyl-Gly-Gly, and dansyl-Gly-Gly support the conclusion that the rate-limiting step in the over-all catalytic process is associated with the scission of the Phe-Phe bond in the first detectable ES complex. Although the rate of this step varies widely with the nature of the A portion of A-Phe-Phe-B, the magnitude of the dissociation constant of ES is relatively invariant. This supports the view that, in the cleavage of oligopeptide substrates by pepsin, secondary enzyme-substrate interactions may cause conformational changes at the catalytic site, and that a portion of the total binding energy may be used for the attainment of the transition state in the bondbreaking step. With substrates that are hydrolyzed extremely rapidly (A = dansyl-Gly-Ala, dansyl-Ala-Ala), the rate of formation of the A-Phe product appears to be faster than the steady-state rate, suggesting that an additional step has become kinetically significant in the over-all process. This step may be associated with the return of the conformation of the active site to its original state. In previous studies from this laboratory (1-6), a series of synthetic oligopeptide substrates of the type A-Phe-Phe-OP4P was described for porcine pepsin and other acid proteinases. The pyridylpropyloxy (OP4P) (8) were consistent with the conclusion that the values of Km estimated from steady-state kinetic measurements approximate the value of K,, the dissociation constant of the initial enzyme-substrate complex, and that the rate-limiting step in the over-all catalytic process occurs during the transformation of this complex. In the experiments described below, the validity of this conclusion was tested by means of stopped-flow fluorescence measurements of the kinetics of the cleavage of substrates of the type A-Phe-Phe-OP4P by porcine pepsin and Rhizopus-pepsin (9) has been applied to the study of the mechanism of the action of papain (11), chymotrypsin (10, 12), and trypsin (13).
in all cases). The results for substrates with A = mansyl-Gly, mansyl-Gly-Gly, and dansyl-Gly-Gly support the conclusion that the rate-limiting step in the over-all catalytic process is associated with the scission of the Phe-Phe bond in the first detectable ES complex. Although the rate of this step varies widely with the nature of the A portion of A-Phe-Phe-B, the magnitude of the dissociation constant of ES is relatively invariant. This supports the view that, in the cleavage of oligopeptide substrates by pepsin, secondary enzyme-substrate interactions may cause conformational changes at the catalytic site, and that a portion of the total binding energy may be used for the attainment of the transition state in the bondbreaking step. With substrates that are hydrolyzed extremely rapidly (A = dansyl-Gly-Ala, dansyl-Ala-Ala), the rate of formation of the A-Phe product appears to be faster than the steady-state rate, suggesting that an additional step has become kinetically significant in the over-all process. This step may be associated with the return of the conformation of the active site to its original state. In previous studies from this laboratory (1-6), a series of synthetic oligopeptide substrates of the type A-Phe-Phe-OP4P was described for porcine pepsin and other acid proteinases. The pyridylpropyloxy (OP4P) group was introduced at the carboxyl terminus to render the substrates soluble in aqueous solution at acidic pH values, thus obviating the necessity of adding organic solvents, some of which inhibit pepsin action. These substrates are cleaved solely at the Phe-Phe bond under the conditions of our studies, and the kinetic parameters of the hydrolysis are markedly dependent on the nature of the A group. It (2) . The results of studies on the inhibition of pepsin by substrate analogs (7) and of gel-filtration experiments on the binding of such analogs (8) were consistent with the conclusion that the values of Km estimated from steady-state kinetic measurements approximate the value of K,, the dissociation constant of the initial enzyme-substrate complex, and that the rate-limiting step in the over-all catalytic process occurs during the transformation of this complex. In the experiments described below, the validity of this conclusion was tested by means of stopped-flow fluorescence measurements of the kinetics of the cleavage of substrates of the type A-Phe-Phe-OP4P by porcine pepsin and Rhizopus-pepsin (9) has been applied to the study of the mechanism of the action of papain (11) , chymotrypsin (10, 12) , and trypsin (13) .
In the present work, advantage was taken of the earlier finding (3, 4, 6) that the fluorescence of the dansyl (Dns) or mansyl (Mns) group of compounds such as Dns-(or Mns-) Gly-Gly-Phe-Phe-OP4P is greatly enhanced when they are bound by pepsin and that cleavage products (e.g., Dns-GlyGly-Phe) bearing the fluorescent probe group are bound much more weakly. Consequently, stopped-flow measurements of the rate of decrease of the fluorescence of the en- (14) , some findings (15) (16) (17) are inconsistent with this conclusion, and further work is needed. The present studies were performed in the hope of contributing to the solution of this problem, through a comparison of the values of k2 and K, estimated from stopped-flow fluorescence measurements with the values of kcat and Km obtained under steady-state conditions, where the rate of release of the Phe-OP4P product was measured by means of its reaction with fluorescamine (5).
MATERIALS AND METHODS
Porcine pepsin was prepared from crystalline pepsinogen (Worthington Biochemical Corp., lot PG-7KA) in the manner described by Rajagopalan et al. (18) , and had a specific proteinase activity, with hemoglobin as the substrate (19) , of 3400 4 100 units/mg. Rhizopus-pepsin (three times crystallized, Miles Laboratories lot 8U06) was used without further purification; it had a specific proteinase activity of 1800 units/mg. The molecular weights of the two enzymes were assumed to be 34,200 and 35,000, respectively.
Mns-Ala-Ala-Phe-Phe-OP4P was prepared from Z-Ala- Ala-Phe-Phe-OP4P (2) in the manner described for analogous mansyl peptides (4) . It melted at 189-191°, and gave a single spot (RF 0.31) upon chromatography on Eastman silica gel 6061 sheets, with ethyl acetate/methanol (9:1, v/v) as the solvent (ultraviolet light, iodine). Calculated for C49H52N607 (869.1): C, 67.7; H+ 6.0; N, 9.7. Found: C, 67.9; H, 5.9; N, 9.6. The synthesis of the other peptide substrates used in this study has been described (3, 4) .
Because of the limited solubility of the mansyl peptides above pH 3, the kinetic studies with these substrates were conducted at pH 2.35 (0.5 M formate buffer), and because of the relatively poor binding of the dansyl peptides at the latter pH value, they were tested at pH 3.1 (0.1 M formate buffer). In all cases, the temperature was 250. A representative oscilloscope trace and the semilogarithmic plot derived from it are shown in Fig. 1 . In Fig. 2 Experiments for determination of the apparent dissociation constant (KD) of the complex formed between pepsin and the acidic cleavage product were performed with a Perkin-Elmer MPF-3 fluorescence spectrophotometer, in the manner described previously (6) . RESULTS The kinetic data in Table 1 for the cleavage of Mns-GlyPhe-Phe-OP4P, Mns-Gly-Gly-Phe-Phe-OP4P, and Dns-GlyGly-Phe-Phe-OP4P indicate that for each of these substrates 5 ,uM Mns-Ala-Ala-Phe-Phe-OP4P was mixed in the stopped-flow apparatus with 50 1AM pepsin. This behavior was found to be a consequence of the fact that the dissociation constant (KD) for the complex of pepsin with the cleavage product Mns-Ala-Ala-Phe is approximately 65 1AM, the value found for the Km of the substrate (Table  1 ) and the extremely rapid conversion of the enzyme-substrate complex to the enzyme-product complex is therefore not accompanied by a detectable change in fluorescence intensity. With the other substrates listed in Table 1 (except for Mns-Phe-Phe-OP4P), measurement of k2 and KS was possible because in all cases KD for the product is significantly greater than Km or K. for the substrate. Thus for Mns-Gly-Gly-Phe, KD = 150 MAM, whereas KD for the fluorescent cleavage products derived from the three dansyl peptides was in the range 235-260 MAM under the conditions of our studies.
A more restricted set of experiments was conducted with Rhizopus-pepsin; they could not be extended because of curtailment of the commercial supply of this enzyme. = 27 MM. It is evident that, as in the cleavage of this substrate by porcine pepsin, k2 is significantly greater than kcat, and the possibility must be considered that a step other than that associated with k2 is kinetically significant in the overall process. The likelihood of error in the determination of kcat because of adsorption on glass is less in the case of Rhizopus-pepsin, since higher enzyme concentrations were used in the steady-state experiments. DISCUSSION The above results show that in the hydrolytic cleavage by porcine pepsin of substrates that are hydrolyzed under the conditions of our studies with kcat values below about 20 sec1, the rate-limiting step in the over-all catalytic process is associated with the transformation of the first detectable enzyme-substrate complex. It is reasonable to infer that this step is a component of the bond-breaking reaction, and that the decrease in fluorescence recorded in our experiments represents the formation of a complex of pepsin with the acidic product (e.g., Mns-Gly-Gly-Phe). The lower fluorescence intensity may be a consequence either of poorer binding of the product (a greater KD) or a change in the environment of the fluorescent probe, or both, but the available data suggest that the poorer binding of the acidic product makes a major contribution to the decrease in fluorescence.
Since kcat = k2 for these substrates, it may be concluded that the departure of both the acidic product and the amine product is much more rapid than the bond-breaking step.
The large variation in kcat and the relative invariance of Km for the cleavage of the Phe-Phe unit of peptides of the type A-Phe-Phe-OP4P emphasizes anew the importance of enzyme-substrate interactions at a distance from the immediate site of catalytic action (22) . These data support the view (23, 24) that the specificity of enzyme-substrate interaction is directly related to the efficiency of the bond-breaking reaction, and that the estimated Km (or K.) values reflect only a fraction of the total binding energy in the interaction, the remainder being used for the attainment of the transition state in the bond-breaking step. If we assume that, in the case of closely-related pepsin substrates (e.g., A-Phe-Phe-OP4P), the K, corresponding to the energy of binding of each of the substrates at a rigid active site is roughly the same, the difference in catalytic efficiency may be a consequence of differences in the extent to which particular substrates can induce, through secondary interactions, conformational changes at Clearly, the rate of the departure of the amine product (Phe-OP4P) from the active site should be the same for all substrates of the type A-Phe-Phe-OP4P if it is the second product to leave, so that this process is not likely to be kinetically significant in the cleavage of Dns-Gly-Ala-Phe-Phe-OP4P and Dns-Ala-Ala-Phe-Phe-OP4P. However, if Phe-OP4P leaves either before or together with the acidic product, its rate of departure may be influenced by the nature of the acidic product held at the active site.
These considerations are relevant to the problem of the mechanism of pepsin action, and raise anew the possibility suggested earlier (25) that detectable covalently-bound acylenzyme or amino-enzyme compounds may not be intermediates in pepsin catalysis. Instead, they focus attention on the conformational state of the active site after the bond-breaking step has occurred, and suggest that pepsin has an active site cleft that may widen or narrow depending on the presence or absence of substrates (or inhibitors) in it (22) , and that the sequence of departure of the two products of hydrolysis may be a reflection of the interaction of each of them with complementary groups in the active site. These interactions may be coupled, so that the nature of one product may influence the rate of departure of the other through the effect it has on the conformational state of the active site, and the two products may therefore leave either in a sequence that suggests apparent acyl transfer or in one that is consistent with apparent amino transfer. In such a situation, the failure to observe rapid exchange of a bound product with isotopically-labeled product in the solution (17) may not be evidence for the formation of a covalent enzymeproduct intermediate.
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